Abstract Three metal-organic complexes with two anthracene-based bulky backbone ligands 9,10-dioxo-9, 10-dihydroanthracene-1,5-dicarboxylic acid (H 2 L 1 ) and 2-phenylquinoline-4-carboxylic acid (HL 
Introduction
The design of metal-organic crystalline materials has attracted considerable attention due to their interesting architectures and applications in optics, magnetism, gas storage, ion exchange and catalysis [1, 2] . The structural and functional properties of such target materials vary significantly with the metal and ligand choice [1, 2] . In this respect, a variety of organic building blocks containing pyridyl and/or carboxylate functional groups have been intensely investigated [1] [2] [3] [4] , and the rational design of new types of organic ligands for constructing unusual coordination polymers is obviously not a trivial problem at this stage. Ligands with bulky backbones are important in the field of coordination chemistry, because of their steric hindrance effects [5, 6] . Very recently, increasing numbers of investigations have been focused on the self-assembly of such bulky backbone multidentate ligands with metals. This can lead to the formation of either discrete polynuclear complexes or low-dimensional coordination polymers, which display such useful properties as luminescence, and sensor ability. Additionally, auxiliary ligands [7] , counteranions [8] , as well as synthesis conditions [9] , including the pH value of the reaction solution [10] , temperature [11] , molar ratio between reactants [12] and solvent system [13] , can all play an important role in the formation of such complexes.
In our previous work, several anthracene-based bulky backbone ligands, namely acridine-9-carboxylic acid [14] , anthracene-9-carboxylic acid [15] , anthracene-9,10-dicarboxylic acid [15, 16] and anthracene-1,5-dicarboxylic acid [16] , were used to construct a range of metal coordination compounds, showing interesting luminescent, magnetic and gas adsorption properties. By contrast, anthracenebased bulky backbone ligands, such as phenylquinoline- [17, 18] and anthraquinone-based carboxylic acids [19, 20] , have not yet been widely studied. Therefore, we have selected two anthracene-based bulky backbone ligands, 9,10-dioxo-9,10-dihydroanthracene-1,5-dicarboxylic acid (H 2 L 1 ) and 2-phenylquinoline-4-carboxylic acid (HL 2 ) (Fig. 1) (3) (phen = 1,10-phenanthroline, pp = 3-(2-pyridyl)-pyrazole). To facilitate the generation and crystallization of these complexes, the hydrothermal synthetic method has been employed [21] . The magnetic and luminescent properties of these complexes have been investigated.
Experimental
Materials and methods 9,10-Dioxo-9,10-dihydroanthracene-1,5-dicarboxylic acid (H 2 L 1 , Scheme 1) was synthesized according to the literature procedure [22] . All other reagents and solvents for synthesis were commercially available and used as received or purified by standard methods prior to use. Elemental analyses (C, H, N) were obtained on a PerkinElmer 240C analyzer. IR spectra were recorded on a Varian 800 (Scimitar Series) FT-IR spectrometer with KBr pellets. Emission spectra in the solid state were taken on a Cary Eclips fluorescence spectrophotometer at room temperature. Magnetic measurements were carried out with a quantum design MPMS-XL-7 magnetometer. 
Preparation of complex 3
The same procedure as that for 2 was used for this complex except that Mn(ClO 4 ) 2 Á6H 2 O and phen were replaced by CdCl 2 Á2.5H 2 O and pp, respectively. Light yellow single crystals suitable for X-ray analysis were obtained after cooling to room temperature. Yield: *20 % based on HL 
X-ray powder diffraction studies
The X-ray powder diffraction patterns (XRPD) of complexes 1-3 were recorded on a Rigaku D/Max-2,500 diffractometer, operated at 40 kV and 100 mA, using a Cutarget tube and graphite monochromator. The intensity data were recorded by continuous scan in 2h/h mode from 3°to 40°with a step size of 0.02°and a scan speed of 8°min -1 .
X-ray crystallographic studies X-ray single-crystal diffraction measurements for complexes 1-3 were carried out on a Bruker Smart 1000 CCD diffractometer equipped with a graphite crystal monochromator situated in the incident beam for data collection at 293(2) K. The determinations of unit cell parameters and data collections were performed with Mo-K a radiation (k = 0.71,073 Å ), and unit cell dimensions were obtained with least-square refinements. The program SAINT [23] was used for integration of the diffraction profiles. Semiempirical absorption corrections were applied using the SADABS program [24] . All the structures were solved by direct methods using the SHELXS program of the SHEL-XTL package and refined with SHELXL [25] . Metal atoms in each complex were located from the E-maps, and other non-hydrogen atoms were located in successive difference Fourier syntheses and refined with anisotropic thermal parameters on F 2 . The hydrogen atoms were added theoretically, riding on the atoms concerned and refined with fixed thermal factors. Crystallographic data and experimental details for the structural analyses are summarized in Table 1 . Selected bond distances and angles are listed in Table 2 
Results and discussion

Synthesis and general characterization
In general, reducing the reaction speed may result in the slow growth of well-shaped larger single crystals suitable for X-ray diffraction [26] . With this in mind, the synthesis and isolation of complexes 2 and 3 were carried out through self-assembly reactions of Mn(ClO 4 ) 2 Á6H 2 O or CdCl 2 Á2.5H 2 O with HL 2 , together with phen or pp as chelating co-ligands, by using the slow diffusion method 
Transition
under mild conditions of ambient temperature and pressure. However, under the same conditions, the reaction of Mn II and H 2 L 1 gave only some precipitate or microcrystalline products. Hydrothermal synthesis can minimize the problems associated with ligand solubility as well as enhancing the reactivity of reactants, so well-shaped single crystals of 1 were achieved by the high-temperature hydrothermal synthesis. Complexes 1-3 are all air stable. The compositions of these new materials were validated by elemental analyses and IR spectra. The phase purities of the bulk samples were checked by XRPD (see Fig. 7 ).
Crystal structure of complex 1 Similar to previous reports [17, 27, 28] , X-ray single-crystal diffraction analysis reveals that the asymmetric unit of 1 contains one Mn II atom, two half L 1 ligands, one phen ligand, two coordinated water ligands and one and three half water molecules (Fig. 2) . In other words, each Mn II center is six coordinated by two carboxylate O atoms from two L 1 ligands, two N atoms from one phen ligand and two O atoms from two water ligands, forming a slightly distorted octahedral coordination geometry. Each L 1 ligand coordinates to two Mn II atoms via its two carboxylate groups. Thus, the Mn II centers are linked by L 1 ligands via a bis-monodentate bridging mode to result in 1D zigzag chains, which are prevented from forming higher-dimensional structures by the chelating phen ligands (Fig. 2a) . The 1D zigzag chains are assembled to form a 3D supramolecular network by intermolecular C-HÁ Á ÁO hydrogen bonds [the C(3)Á Á ÁO(1G) and C(11)Á Á ÁO(4H) separations are 3.44 (8) 
and 3.43(4) Å and the C(3)-H(3)Á Á ÁO(1G) and C(11)-H(11)Á Á ÁO(4H)
angles are 155.00°and 162.01°, symmetry code G = 1 -x, -y, 1 -z; H = 1 -x, -y, -z] (Fig. 2b) [29, 30] .
Crystal structure of complex 2
When we used HL 2 instead of H 2 L 1 , a reported binuclear complex 2 was produced (Fig. 3) [31] . The Mn II centers are linked by L 2 ligands via a bidentate bridging mode to form a binuclear structure, which is prevented from forming higherdimensional structures by the chelating phen and L 2 ligands in a monodentate mode (Fig. 3a) . (Fig. 3b) [29, 30] .
Crystal structure of complex 3
Different from complex 2, the asymmetric unit of complex 3 is composed of one and a half Cd II (Fig. 4b) . These 1D chains are assembled into a 2D supramolecular network by intermolecular C-HÁ Á ÁCl hydrogen bonds [the C(15)Á Á ÁCl(2C) separation is 3.49 (4) [32, 33] (Fig. 4c) .
This work provides a point of comparison between two anthracene-based bulky backbone carboxylic acid ligands and their corresponding complexes. The results indicate that the auxiliary ligands play an important role in the formation of frameworks of complexes 1-3, which together with the anthracene-based ligands and different anions may play an important role in both the structures and the luminescent properties of the complexes.
From the above descriptions, we can clearly see that the two anthracene-based ligands 9,10-dioxo-9,10-dihydroanthracene-1,5-dicarboxylic acid (H 2 L 1 ) and 2-phenylquinoline-4-carboxylic acid (HL 2 ) exhibit variable coordination modes. In complex 1, the backbone of H 2 L 1 locates in the same plane, and the dihedral angles between the carboxyl groups and backbone of the ligand are 86.0°and 92.1°. Therefore, H 2 L 1 adopts a bis-monodentate bridging mode in 1. In complexes 2 and 3, because of NÁ Á ÁH small distances [2.442(3)-2.627(1) Å ], the N atoms of HL 2 cannot Fig. 2 View of a the coordination environment of Mn II ions in the zigzag chain of 1, b the 3D supramolecular network showing the intramolecular C-HÁ Á ÁO hydrogen bond interactions (partial H atoms and dissociated aqua molecules omitted for clarity) coordinate to the metals. Hence, L 2 acts as a monocarboxylate ligand. The dihedral angles between the carboxyl group and ligand backbone are small (23.3°, 38.8°and 36.5°). Hence, HL 2 adopts rich coordination modes, namely monodentate or bidentate bridging in complex 2 and tridentate bridging in complex 3.
Spectroscopic properties
The IR spectra of complexes 1-3 show features attributable to each of their components [34] . A broad band at ca. 3,473-3,374 cm -1 is assigned to the O-H stretching of water [22, 34, 35] . The characteristic bands of the carboxylate groups appear in the usual region at 1,573-1,517 cm [22, 34, 35] .
The solid-state luminescence spectra of complexes 1-3 as well as free ligands H 2 L 1 and HL 2 were investigated at room temperature (see Fig. 5 ). While H 2 L 1 and phen display weak luminescence in the solid state at k max = 432 and 361/379 nm, respectively, upon excitation at k ex = 380 and 310 nm, under the same experimental conditions, 1 exhibits intense purple emission at k max = 432 nm upon excitation at 380 nm. Upon excitation with k ex = 380 and 370 nm, complexes 2 and 3 exhibit intense emissions at 390 and 392 nm, respectively, which are close to the emission wavelengths of free HL 2 , phen and pp (at 388, 361/379 and 410 nm, respectively) [15] . The similarity in the emission wavelengths between complexes 1-3 and the corresponding free ligands suggests that the emission of the complexes can be attributed to intraligand transfer p*-p transitions, namely ligand-toligand charge transfer (LLCT), similar to the reported results for other coordination polymers with anthracenebased backbones [36] [37] [38] . In addition, the enhanced luminescence intensities of complexes 1-3 compared to the free ligands can be explained by restricted vibration and rotation of the ligands within the complexes, which will decrease the contribution of radiationless deactivation [36] [37] [38] .
Magnetic properties and XRD results
The variable temperature magnetism of complex 2 was tested in the temperature range of 2-300 K at 2,000 Oe.
The results are shown in Fig. 6 in the form of a plot of v m T versus T (v m is the molar magnetic susceptibility for two Mn II ions). The value of v m T at 300 K is 8.13 cm 3 K mol -1 , close to the v m T value of two isolated Mn II ions with g = 2, S = 5/2. The value of v m T decreases along with temperature to 0.71 cm 3 K mol -1 at 2 K. This phenomenon shows that an antiferromagnetic coupling interaction exists between the Mn II ions in complex 2, in accordance with observations for other compounds with carboxyl bridged dinuclear Mn II ions [39, 40] . The CurieWeiss fitting of the data in the temperature range of 10-300 K for 2 gave values of C = 8.44 cm 3 K mol -1 and h = -6.38 K. The negative value of h further confirms the existence of antiferromagnetic interactions in 2 [39, 40] . To confirm whether the crystal structures are truly representative of the bulk materials, XRPD experiments have been carried out for complexes 1-3. The experimental and computer-simulated XRPD patterns are shown in Fig. 7 . These patterns indicate that the bulk-synthesized materials and as-grown crystals can be considered homogeneous for all three complexes.
Conclusion
A series of metal-organic coordination compounds of manganese(II) and cadmium(II), generated from two anthracene-based bulky backbone ligands, together with phen or pp as auxiliary ligands, have been prepared. These complexes display diverse structures from binuclear to 1D zigzag chains. This work shows that the reactions of metals with the corresponding ligands are tunable through control of the reaction conditions. The auxiliary chelating ligands phen and pp play an important role in the formation of the frameworks of these complexes, preventing the formation of higher-dimensional structures. Intense luminescent emissions of the complexes were attributed to the LLCT of the corresponding ligands. Antiferromagnetic coupling interactions exist between the binuclear Mn II ions in complex 2.
